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Abstract
Background While atrial fibrillation (AF) begets AF via struc-
tural, contractile, and electrical remodeling, it was shown that
successful radiofrequency ablation of AF has effectively re-
versed left atrial (LA) remodeling. However, there was little
data regarding the efficacy of cryoablation on LA remodeling.
Herein, we aimed to assess the impact of cryoablation on LA
structural and potential electrical remodeling in paroxysmal
AF patients.
Methods A total of 41 symptomatic patients with non-
valvular paroxysmal AF underwent their first catheter ablation
via cryoballoon technique. All patients had transthoracic
echocardiography before, 6 and 12 months after cryoablation.
LA volume index (LAVI), left intra-, right intra-, and inter-
atrial electromechanical conduction delay (AEMD) were cal-
culated in all patients. Postprocedural first 3 months was ac-
cepted as blanking period.
Results All 179 pulmonary veins were isolated successfully in
41 patients with no major complication. During median
18 months (12–20 months) follow-up, recurrent atrial arrhyth-
mia was found in nine patients (21.9 %). In multivariate Cox
regression analysis, only early recurrence was found as the
independent predictor of late recurrence. At 12th month visit
compared to baseline, there was no change in LAVI (p=0.647)
but significant increase in left intra- and inter-AEMD
(p<0.05). However, in non-recurrent group, both LAVI
(30.63±3.6 to 28.42±3.63, p<0.001), left intra-AEMD
(18.75±8.77 to 12.5±4.65, p<0.001), and inter-AEMD

(25.2±13.2 to 18.84±8.52, p<0.001) were significantly
decreased.
Conclusions Our study findings revealed that successful
cryoballoon-based AF ablation yields LA structural and po-
tential electrical reverse remodeling. However, LA remodel-
ing process cannot be halted by cryoablation in patients with
AF recurrence during follow-up.

Keywords Atrial fibrillation . Cryoablation .

Echocardiography . Atrial remodeling

1 Introduction

As an ancient knowledge, atrial fibrillation (AF) develops as a
complex interaction between electrical, structural, and con-
tractile remodeling. The relationship between AF and atrial
remodeling is represented by a vicious cycle [1]. However, it
was unclear which one comes first electrical or structural re-
modeling during pathophysiology of AF. Both structural and
electrical left atrial (LA) remodeling begin just after initiation
of AF in a few seconds, and AF begets AF accordingly. Af-
terwards, increased AF burden causes more complex LA re-
modeling which constitutes the background for atrial substrate
and maintenance of AF [1].

Previous data evidenced that tissue Doppler echocardiog-
raphy can be a useful technique to evaluate atrial conduction
times [2]. Atrial electromechanical delay (AEMD) which can
be simply and non-invasively assessed by using tissue Dopp-
ler imaging (PA-TDI) and has been proposed as a marker of
the extent of both electrical and structural remodeling of the
atria [1].

Moreover, it was possible to reverse atrial remodeling by
elimination of AF either using medication or catheter ablation
[3, 4]. The efficacy of radiofrequency AF ablation has been
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evidenced regarding the prevention of progressive LA remod-
eling [3, 5, 6]. However, there was little data regarding the
impact of cryoballoon-based AF ablation on atrial reverse re-
modeling [7]. Also, both structural and electrical reverse re-
modeling has not been evaluated in the same study previously.
Therefore, we aimed to investigate the role of cryoballoon-
based catheter ablation on structural and potential electrical
LA remodeling during follow-up.

2 Methods

2.1 Study population

In this prospective study, a total of 41 patients (58.5 % male;
age 49.2±7.6 years) who underwent initial pulmonary vein
(PV) isolation with first generation cryoballoon for document-
ed AF in between October 2010 and May 2011 were enrolled.
All the patients had symptomatic lone paroxysmal AF and had
failed with ≥1 antiarrhythmic drug(s) previously. Patients who
had persistent or permanent AF, structural heart disease,
moderate-severe valvular disease, thrombus in LA, uncon-
trolled thyroid dysfunction, coronary artery disease, stroke,
hypertension, diabetes mellitus, contraindication for
anticoagulation, pregnancy, and LA anteroposterior diameter
>55 mm were excluded from the study.

Severity of clinical symptoms were recorded according to
European Heart Rhythm Association (EHRA) score [8]. Lone
AF was defined in patients who were <60 years old; without
structural heart disease based on patient history, physical ex-
amination, and imaging methods including chest X-ray and
echocardiography; and no history of coronary artery disease,
diabetes mellitus, or hypertension [9]. Paroxysmal AF is de-
fined as self-terminating episode, usually within 48 h, may
continue for up to 7 days [8].

Informed consent was obtained from each patient before
enrollment. The study was in compliance with the principles
outlined in the Declaration of Helsinki and approved by our
Institutional Ethics Committee (protocol no: HEK 10/15).

2.2 Transthoracic echocardiography

Echocardiographic examination was performed by using a
VIVID 5 Dimension Cardiovascular Ultrasound System
(Vingmed-General Electric, Horten, Norway) with a
3.5 MHz transducer. Echocardiographic examination was per-
formed in the left lateral decubitus position. Parasternal long-
and short-axis views and apical views were used as standard
imaging windows. LA dimension, left ventricle end-systolic
and end-diastolic dimensions, left ventricular diastolic septal,
and posterior wall thickness were evaluated in the parasternal
long-axis view. Left ventricular ejection fraction was calculat-
ed by using modif ied Simpson method. Dur ing

echocardiography, a single lead electrocardiography (ECG)
was recorded simultaneously. M-mode measurements and
conventional Doppler echocardiographic examination were
calculated according to the criteria proposed by the American
Society of Echocardiography [10]. LA volume was measured
using Simpson’s method as recommended, and then, LA vol-
ume was indexed (LAVI) by dividing by body surface area
[11]. All echocardiographic images included at least three
consecutive beats, and they were digitally stored for further
analysis. All echocardiographic images were analyzed by an
experienced cardiologist who was blinded to the characteris-
tics and follow-up data of the study participants.

Pulsed wave tissue Doppler echocardiography was per-
formed by transducer frequencies of 3.5–4.0 MHz, adjusting
the spectral pulsed Doppler signal filters until a Nyquist limit
of 15–20 cm/s and using the minimal optimal gain. The mon-
itor sweep speed was set at 50–100 mm/s to optimize the
spectral display of myocardial velocities. In apical four-
chamber view, the pulsed Doppler sample volume was subse-
quently placed at the level of left ventricular lateral mitral
annulus, septal mitral annulus, and right ventricular tricuspid
annulus. Tissue Doppler pattern is characterized by a positive
myocardial systolic wave (S) and two negative diastolic
waves—early (E) and atrial (A). Time intervals from the onset
of P wave on surface ECG to the beginning of A wave (PA)
representing atrial electromechanical delay were obtained
from lateral mitral annulus, septal mitral annulus, and right
ventricular (RV) tricuspid annulus and named as lateral PA,
septal PA, and RV PA, respectively. The difference between
septal PA and RV PA was defined as Bintra-right AEMD^
(septal PA-RV PA), the difference between lateral PA and
septal PA was defined as Bintra-left AEMD^ (lateral PA-
septal PA), and the difference between lateral PA and RV PA
was defined as Binter-AEMD^ (lateral PA-RV PA) [11, 12].

Intra-observer variability was assessed in 15 randomly se-
lected participants by repeating the measurements under the
same basal conditions. To test the inter-observer variability,
the measurements were performed offline from video record-
ings by a second observer. Intra-observer variability was
4.2 % for lateral PA, 5.3 % for septal PA, and 5.2 % for RV
PA, respectively. Inter-observer variability was 5.4 % for lat-
eral PA, 6.1 % for septal PA, and 5.2 % for RV PA,
respectively.

2.3 Electrophysiological study and ablation procedure

Procedural details regarding the catheter ablation was previ-
ously defined in detail [13]. Also, treating physicians were
blinded to the data of LA electrical and structural remodeling
during ablation procedure. All procedures were performed
under conscious sedation using boluses of midazolam. Inva-
sive arterial blood pressure, oxygen saturation, and ECG were
continuously monitored throughout the entire procedure.
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Right femoral vein and left femoral vein/artery punctures were
performed with Seldinger technique. A 6Fr steerable
decapolar catheter (Dynamic Deca, Bard Electrophysiology,
Lowell, MA, USA) was placed into the coronary sinus. Single
transseptal puncture with using modified Brockenbrough
technique (BRK-1, St. Jude Medical, Minnetonka, MN,
USA) was performed under fluoroscopy and 8Fr transseptal
sheath (Biosense Webster, CA, USA) placed into the LA.
Once LA access is obtained, heparin boluses were repeatedly
administered to maintain the activated clotting time between
300 and 350 s. The sheath was then exchanged for the 12 F
steerable transseptal sheath (FlexCath, Medtronic CryoCath,
Minneapolis, USA) over a guidewire (0.032 in. 180 cm Super
Stiff, St. Jude Medical, St. Paul, MN, USA). Baseline poten-
tials of all PVs were recorded with a Lasso catheter (Biosense
Webster, Inc., Diamond Bar, California). We paced the distal
coronary sinus to confirm the presence of left PV potentials. In
all patients, the 28-mm cryoballoon catheter (Arctic Front©,
Medtronic CryoCath LP, Kirkland, Canada) was used for PVI.
The cryoballoon was maneuvered to all PVostia by use of a
steerable 12-Fr sheath and a guidewire inserted through the
lumen of the balloon catheter. The balloon is inflated in the
LA and then directed toward the PVostia. The assessment of
balloon occlusion is performed through the injection of 50 %
diluted contrast through the cryoballoon catheter’s central lu-
men. The duration of each freezing cycle was 300 s. A mini-
mum of two consecutive freezing cycles for each targeted PV
were delivered with excellent or good occlusion. The proce-
dure systematically began with the left superior, then the left
inferior, followed by the right superior and ended with the
right inferior PV. The right phrenic nerve was constantly
paced from the superior vena cava during freezing at the
right-sided PVs. Also, direct palpation of the right hemi-
diaphragmatic excursion was performed during phrenic nevre
stimulation. At the end of the procedure, PV conduction was
reevaluated by the Lasso catheter. Successfull PV isolation
was defined as the elimination (or dissociation) of all the PV
potentials recorded from a Lasso catheter.

During reablation procedure, after transseptal puncture, a
20-pole variable curve circular mapping catheter (Lasso,
Biosense Webster, Inc., Diamond Bar, California) was placed
in the LA through a guide sheath. The circular catheter was
maintained at maximum diameter whenever possible and ma-
neuvered to the following left atrial regions in sequence: left
PVostia/antrum, posterior/inferior wall, roof/appendage, right
PVostia/antrum, septum, and anterior wall. At each location,
10 bipolar electrograms (EGMs; 30–500 Hz) were simulta-
neously recorded for 2.5 s at a sampling frequency of
1000 Hz only after catheter stability was achieved. Depending
on the size of the LA, 40–50 anatomically distinct circular
catheter acquisitions were made before ablation. Reconnec-
tion was searched at all PVostia. In the absence of reconnec-
tion, using a 3.5-mm irrigated tip, high-flow ablation catheter

(Navistar SF, Biosense Webster) delivered transeptally, a con-
tiguous radiofrequency lesions (power 25–30 W) were made
at sites with CFAEs. The location of the ablation lesion termi-
nating AF to sinus rhythm was noted. If AF did not terminate
after CFAE ablation, electrical cardioversion was performed.
Foci for non-PV triggers were also searched in all patients
undergoing second procedure after conversion to sinus
rhythm.

2.4 Postprocedural follow-up

The patients remained under continuous hemodynamic and
ECG monitoring for 24 h. Immediately after the procedure
and 24 h following the procedure, transthoracic echocardiog-
raphy was performed to ascertain the absence of pericardial
effusion. Oral anticoagulation with warfarin was initiated after
4–6 h of the procedure and also concomitant enaxoparin
1 mg/kg administered until target international normalized
ratio (INR) of 2.0–3.0. For the following 3 months, the pa-
tients remained on the antiarrhythmic drug regimen they were
prescribed before the ablation procedure.

Follow-up visits were performed at 3, 6, 12 months and for
every 6 months thereafter or earlier if they developed symp-
toms consistent with recurrent AF. A clinical assessment, 12-
lead ECG and transthoracic echocardiography (including
LAVI and AEMD measurements) were routinely performed
in all patients at each follow-up visits. A 24-h Holter ECGwas
recorded 3 months after the procedure, usually during antiar-
rhythmic therapy. In the absence of arrhythmia, all antiar-
rhythmic drugs were discontinued. In addition, all the patients
underwent a 24-h Holter ECG monitorization at each follow-
up visit and patients who experienced arrhythmia symptoms
also transmitted cardiac event recorder for a week.

Acute procedural success is defined as electrical isolation
of all PVs. First 3 months after AF ablation is defined as
blanking period. Early recurrence of AF is defined as detec-
tion of AF (at least 30-s duration when assessed with ECG
monitoring) within 3 months of ablation. Recurrence of AF is
defined as detection of AF (at least 30-s duration when
assessed with ECG monitoring) >3 months following AF ab-
lation [14].

2.5 Statistical analysis

Continuous variables are presented as mean±SD or median,
whereas categorical ones are presented as number and per-
centages. The Shapiro-Wilk test was used for the assessment
of normality. Comparisons of continuous data between recur-
rence (+) and recurrence (−) groups were made by unpaired t
test, whereas categorical data were compared in both groups
using the χ2 test. Cox proportional hazard regression was
used in order to test the effect of the explanatory variables
on AF recurrence, adjusted for other variables. Repeated
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Table 1 Clinical, laboratory, and echocardiographic characteristics of study population (n=41)

Parameters All patients (n=41) Recurrence p

No (n=32) Yes (n=9)

Clinical parameters

Age, years, mean±SD 49.2±7.6 47.5±7.6 55.1±3.7 0.007*

Gender, male, n (%) 24 (58.5 %) 18 (56.2 %) 6 (66.7 %) 0.435

BMI, kg/m2 27.51±5.21 27.67±4.91 26.93±6.46 0.715

EHRA score 3.00±0.55 2.91±0.53 3.33±0.50 0.037*

Duration of AF history, months, median 60 (24–96) 48 (24–75) 84 (54–108) 0.065

Alcohol intake, n (%) 6 (14.6 %) 3 (9.4 %) 3 (33.3 %) 0.072

Smoking, n (%) 13 (31.7 %) 7 (21.9 %) 6 (66.7 %) 0.018*

Number failed antiarrhythmics 1.46±0.60 1.34±0.55 1.89±0.61 0.013*

Anti-arrhythmic medication

Propafenone, n (%) 38 (92.7 %) 29 (90.6 %) 9 (100 %) 0.818

Amiodarone, n (%) 17 (41.5 %) 10 (31.2 %) 7 (77.8 %) 0.021*

Sotalol, n (%) 6 (14.6 %) 5 (15.6 %) 1 (11.1 %) 0.988

Antithrombotic/anticoagulant medication

Aspirin, n (%) 27 (65.9 %) 24 (75.0 %) 3 (33.3 %) 0.042*

Warfarin, n (%) 14 (34.1 %) 8 (25.0 %) 6 (66.7 %) 0.042*

Laboratory parameters

Fasting plasma glucose, mg/dL 88 (82–95.5) 87.5 (82–94.75) 88 (82–97.5) 0.290

Hemoglobin, gr/L 13.53±1.09 13.51±1.19 13.62±0.62 0.781

HDL cholesterol, mg/dL 46.95±9.05 45.88±8.12 50.78±11.52 0.153

LDL cholesterol, mg/dL 89.96±22.51 92.36±23.71 81.42±15.76 0.202

Echocardiographic parameters

LVEDD, mm 45.8±3.74 46.03±3.71 45.0±3.97 0.472

LVESD, mm 28.5±3.16 28.53±2.81 28.44±4.42 0.943

LVEF, % 68.17±4.50 68.22±3.97 68.0±6.33 0.899

LVFS, % 38.05±3.68 38.16±3.25 37.67±5.15 0.729

LAD—anteroposterior, mm 37.4±3.3 37.0±3.0 38.8±4.1 0.148

LAVI, mL/m2 32.05±4.3 30.63±3.59 37.11±2.25 0.001*

Left intra-AEMD, ms 21.9±4.8 18.8±8.7 33.0±10.2 <0.001*

Right intra-AEMD, ms 6.9±2.1 6.5±2.7 8.1±2.5 0.489

Inter-AEMD, msec 28.7±6.5 25.3±13.2 41.2±11.6 0.002*

Procedural characteristics

Number of PVs, n±SD 4.37±0.5 4.34±0.5 4.44±0.27 0.517

Left common PV, n (%) 18 (43.9 %) 13 (40.6 %) 5 (55.6 %) 0.471

Right common PV, n (%) 2 (4.9 %) 2 (6.2 %) – 0.988

Mean procedural time, min 76.66±11.22 77±11.65 75.44±10.05 0.718

Mean fluoroscopy time, min 11.46±1.83 11.68±1.62 10.69±2.38 0.153

Left upper PV freezing time, s 670 700 600 0.428

Left upper PV freezing temperature, °C 45.5 45 48 0.552

Left inferior PV freezing time, s 645 640 700 0.366

Left inferior PV freezing temperature, °C 41 41 41 0.945

Right upper PV freezing time, s 600 600 600 0.272

Right upper PV freezing temperature, °C 48 47 49 0.320

Right inferior PV freezing time, s 600 600 600 0.682

Right inferior PV freezing temperature, °C 39 38.5 40 0.290

Left common PV freezing time, s 900 900 800 0.551

Left common PV freezing temperature, °C 46 47 45.5 0.462
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measures analysis of variance (rANOVA) was used to analyze
differences in continuous variables including LAVI and
AEMD between baseline, 6th, and 12th follow-up. A p value
<0.05 was considered statistically significant. All analyses
were performed using the SPSS software for Windows 20.0
(SPSS Inc., Chicago, IL, USA).

3 Results

Baseline clinical, laboratory, and echocardiographic data of
the patients are represented in Table 1. Median duration of

AF history was 60 months and mean EHRA score was 3.0±
0.55 among patients. Mean LA diameter was 37.4±3.3 mm. A
total of 14 (34.1 %) patients were on warfarin therapy before
cryoablation. Also, the rate of propafenone use was 92.7 %,
amiodarone use was 41.5 %, and sotalol use was 14.6 %.

A total of 179 PVs (100 %) were successfuly isolated with
mean freezing cycles of 2.32±0.5 per PV. A total of 18
(43.9 %) patients had left common PVs, and 2 (4.9%) patients
had right common PVs. Mean procedural time was 76.66±
11.22 min and fluoroscopy time was 11.46±1.83 min. Also,
vagal reaction (hypotension, bradycardia, nausea, and head-
ache etc.) was observed in 16 (39 %) patients during

Table 1 (continued)

Parameters All patients (n=41) Recurrence p

No (n=32) Yes (n=9)

Right common PV freezing time, s 880 880 – 0.448

Right common PV freezing temperature, °C 54.5 54.5 – 0.448

Vagal reaction during procedure, n (%) 16 (39 %) 14 (43.8 %) 2 (22.2 %) 0.441

Total cryoballoon freezing duration, s 2440 2470 2400 0.359

Continuous measurements are presented as median or mean±SD. Categorical measurements are presented as number positive for the condition and
percentage of the total

AEMD atrial electromechanical delay, AF atrial fibrillation, EHRA European Heart Rhythm Association, HDL high density lipoprotein, LAD left atrium
diameter, LAVI left atrium volume index, LDL low-density lipoprotein, LVEDD left ventricular end-diastolic diameter, LVEF left ventricular ejection
fraction, LVESD left ventricular end-systolic diameter, LVFS left ventricular fractional shortening, BMI body mass index

Table 2 Univariate and
multivariate Cox regression
analysis representing the
predictors of AF recurrence after
cryoballoon-based catheter
ablation

Parameters Wald chi-squared p Value HR 95 % CI

Lower Upper

Univariate analysis

Clinical parameters

Age, years 7.920 0.005 1.276 1.077 1.513

BMI, kg/m2 0.248 0.618 0.966 0.843 1.107

EHRA score 4.872 0.027 3.977 1.167 13.553

Duration of AF history, months 1.885 0.170 1.005 0.998 1.013

Alcohol intake 3.500 0.061 0.061 0.939 15.161

Smoking 5.535 0.019 5.298 1.321 21.247

Echocardiographic parameters

LA antero-posterior diameter, mm 1.501 0.221 3.037 0.514 17.954

LA volume index, mL/m2 11.843 0.001 1.562 1.212 2.014

Left-intra AEMD, msec 12.145 <0.001 1.140 1.058 1.221

Inter-AEMD, msec 8.592 0.003 1.064 1.021 1.109

Follow-up parameters

Early recurrence 12.138 <0.001 16.592 3.417 80.569

Multivariate analysis

Early recurrence 7.921 0.005 1.644 1.163 2.325

AEMD atrial electromechanical delay, AF atrial fibrillation, BMI body mass index,CI confidence interval, EHRA
European Heart Rhythm Association, HR hazard ratio, LA left atrium
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procedure (particularly at beginning or just after isolation of
left upper PV). While there was no major complication during
ablation, minimal inguinal hematoma was observed in 2
(4.8 %) patients which were managed conservatively. A total
of 10 (24.4 %) patients developed AF recurrence during
blanking period. During median 18 months (12–20 months)
follow-up, 32 (78.1 %) patients remained free of AF recur-
rence (median recurrence time 450 days). Among nine pa-
tients in whom AF recurrence has been observed, three
(7.3 %) of them underwent repeat catheter ablation via radio-
frequency which showed no PV reconnection. Therefore, we
have performed complex fractionated atrial electrogram
(CFAE) ablation during AF in these patients targeting mostly
posterior wall of LA with scar areas where the electrograms
become fractionated. One of them converted to sinus rhythm

during CFAE ablation, and others were electrically
cardioverted to sinus rhythm after CFAE ablation. Further-
more, there was no non-PV focus in any of the patients un-
dergoing CFAE ablation. Remaining six patients were asymp-
tomatic with antiarrhythmic therapy.

In multivariate Cox regression analysis, only early recur-
rence (HR 1.644, 95 % CI 1.163–2.325, p=0.005) were found
as independent predictor of AF recurrence after blanking pe-
riod (Table 2).

Echocardiographic follow-up data showing structural and
electrical remodeling were demonstrated in Table 3. Both
LAVI, left intra- and inter-AEMD values were significantly
higher at preablation, 6th, and 12th month follow-up visits in
patients with AF recurrence as compared to patients without
AF recurrence (p<0.05). Patients without AF recurrence
showed a significant intra-group reduction in LAVI, left
intra- and inter-AEMD at 6th and 12th month follow-up as
compared to preablation visit (Figs. 1 and 2). However, there
was a progressive increment in LAVI, left intra- and inter-
AEMD during follow-up among patients with AF recurrence.
But, right intra-AEMD revealed non-significant difference
among study groups and follow-up visits.

4 Discussion

Major findings of our study were summarized as follows: (i)
Only early AF recurrence was found as an independent pre-
dictor for recurrence of AF after blanking period among pa-
tients with lone paroxysmal AF; (ii) patients with AF recur-
rence showed an increased preprocedural LAVI, left intra- and
inter-AEMD values as compared to patients without AF re-
currence, (iii) while there was a significant reduction in LAVI,

Table 3 Comparison of baseline and follow-up echocardiographic data representing the atrial electrical and structural remodeling between patients
with and without AF recurrence (n=41)

Variables Recurrence (−) p for trend Recurrence (+) p for trend p value#

Baseline 6th month 12th month Baseline 6th month 12th month

LAVI, mL/m2 30.63±3.6a* 29.45±3.32b* 28.42±3.63c* <0.001 37.11±2.25* 37.67±2.71* 37.49±3.72* 0.647 0.001

Left intra-AEMD, ms 18.75±8.77a* 15.13±5.9b* 12.5±4.65c* <0.001 33.0±10.16* 32.67±5.89b* 35.78±6.82* 0.336 0.001

Right intra-AEMD,
ms

6.5±6.73 6.03±4.97 6.22±4.96 0.611 8.11±2.57 8.33±4.36 9.22±4.02 0.367 0.223

Inter-AEMD, ms 25.2±13.2a* 21.16±9.09b* 18.84±8.52c* <0.001 41.2±11.62* 41.0±9.33b* 44.89±9.32* 0.114 0.001

AF atrial fibrillation, AEMD atrial electromechanic delay, LAVI left atrial volume index
a Intra-group comparison of baseline and 6th month data, p<0.05
b Intra-group comparison of 6th and 12th month data, p<0.05
c Intra-group comparison of baseline and 12th month data, p<0.05

*Inter-group comparison of data during follow-up, p<0.05
# Comparison of recurrence (−) and recurrence (+) groups

Fig. 1 Changes in left atrial volume index (LAVI) during follow-up
according to the development of AF recurrence
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left intra- and inter-AEMD among patients without AF recur-
rence during follow-up, all those parameters showed a non-
significant change in patients with AF recurrence during
follow-up; (iv) right intra-AEMD showed no difference
among study groups and follow-up visit measurements. Fur-
thermore, as mentioned in tables, only 34.1 % of the patients
were anticoagulated with warfarin before ablation due to low
risk of stroke as patients were with lone AF and no structural
heart disease. To the best of our knowledge, this is the first
study evaluating the impact of cryoballoon-based catheter ab-
lation on LA structural and potential electrical remodeling in
patients with lone paroxysmal AF.

Triggers and relevant atrial substrate are known as the
prerequisites for development of AF. Currently, PV isola-
tion either by radiofrequency or cryoballoon-based tech-
nique as a standard approach to eliminate triggers is per-
formed in almost all catheter ablation procedures for par-
oxysmal AF. However, significant amount of patients
failed to remain in sinus rhythm during long-term fol-
low-up [13, 14]. It has been proposed that progressive
remodeling of the LA as a main constituent of atrial sub-
strate might be responsible from most of the failures after
elimination of triggers [15]. Also, preprocedural degree of
LA remodeling is another important issue to be consid-
ered before catheter ablation [16]. In recent years, ad-
vanced cardiac imaging techniques have been developed
to guide electrophysiologists in selection of appropriate
patients for invasive catheter ablation therapy [17, 18].

The reversibility of LA remodeling is a complex and
less known issue, particularly among patients undergoing
cryoballoon-based AF ablation. Most of the studies re-
garding the impact of catheter ablation on LA reverse
remodeling assessed the reduction in LA dimensions,
LA volumes, and LA transport function like LA ejection
fraction, and almost all those studies have been performed
by using radiofrequency technique for AF ablation. In a
recent meta-analysis including all the studies performed

by using radiofrequency technique for AF ablation,
Zhuang et al. [19] reported that compared to preablation
values, there have been significant decreases in LA diam-
eter and LA volumes at postablation follow-up. Thus, they
concluded that successful radiofrequency catheter ablation
in patients with AF significantly decreases LA size and
volumes and does not seem to adversely affect LA func-
tion. However, there was a significant heterogeneity for
evaluation of LA structural remodeling, follow-up dura-
tions, and differences in ablation tecniques among pub-
lished studies in this field [3–5, 20–25]. Besides structural
remodeling assessment, there was no study in the litera-
ture evaluating the potential electrical reverse remodeling
after AF ablation non-invasively. Also, there was no study
comparing the effect of different energy sources
(cryoenergy versus radiofrequency) for catheter ablation
on LA reverse remodeling. We proposed that there might
be differences among ablation tecniques regarding the ef-
fect on LA remodeling. In only one study reported by
Erdei et al. [7], it was shown that patients with AF recur-
rence during 1-year follow-up after cryoablation, LA size
had increased and LA function had declined. But, they
also reported that successful cryoballoon-based AF abla-
tion prevented progressive LA remodeling. Previous data
evidenced that tissue Doppler echocardiography can be a
useful technique to evaluate atrial conduction times [2].
The AEMD which can be simply and non-invasively
assessed by using TDI and has been proposed as a marker
of the extent of both electrical and structural remodeling
of the atria which were essential in pathophysiology of
atrial arrhythmias [1]. Thus, we aimed to assess both elec-
trical and structural remodeling process during follow-up
among patients with lone paroxysmal AF undergoing
cryoballoon-based catheter ablation. We showed that both
LAVI, left intra- and inter-AEMD were significantly im-
proved after successful cryoablation. Contrarily, among
patients with AF recurrence, both structural and electrical

Fig. 2 Changes in atrial conduction times during follow-up according to the development of AF recurrence
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remodeling showed a non-significant change during
follow-up period. However, the study by Erdei et al. [7]
have significant difference from our study. First, they in-
cluded patients with various risk factors for LA remodel-
ing such as hypertension and coronary artery disease. We
only included patients with lone paroxysmal AF in our
study. Second, the recurrence rate was importantly high
at 12-month follow-up (58 %) in the study by Erdei et al.
[7] as compared to lower recurrence rate in our study
(21.9 %). Third, the study group of Erdei et al. [7] re-
vealed a higher LA dimensions (55±5 mm) which implies
the preprocedural progressive structural remodeling and
makes reverse remodeling more difficult. However, in
our study, we excluded patients with LA diameter of
>55 mm which prevents the inclusion of patients with
probably irreversible LA remodeling. Also, it was impos-
sible to differentiate whether the differences in the effects
of catheter ablation on LAVI and AEMD cause AF recur-
rence or whether AF recurrence after catheter ablation
cause the differences in LAVI and AEMD. Furthermore,
in a recent small-sized study, Nagarakanti et al. [26] re-
ported that dual-site right atrial pacing might promote
long-term atrial reverse remodeling when added to antiar-
rhythmic drug and/or catheter ablation.

Our study has some limitations. This study is a pro-
spective study that included a highly selected population
of patients with lone paroxysmal AF presenting for
cryoablation. The sample size of the study is small, and
these findings should be confirmed in large-scale cohort
studies. Also, lack of long-term continuous monitoring
methods during follow-up which was capable of the de-
tection of silent AF episodes is another limitation of our
study. More sensitive imaging techniques like cardiac
magnetic resonance imaging and strain/strain rate or
speckle tracking to assess LA remodeling may be more
helpful and accurate than our conventional methods. It
was also impossible by using conventional techniques to
evaluate the impact of postprocedural scar formation on
LA reverse remodeling in our study population. Because
of the ablation technique used in the study, our results
lack any data for effective refractory period, 3D
electroanatomical mapping data, etc. for evaluating sub-
strate remodeling process which were fundamental and
based on electrophysiological data analyzed during abla-
tion procedure.

In conclusion, even with the study limitations, successful
cryoballoon-based catheter ablation resulted, in our experi-
ence, in significant LA structural and potential electrical re-
verse remodeling at 12-month follow-up visits. However, LA
remodeling process cannot be halted by cryoablation in pa-
tients with AF recurrence during follow-up. As a simple,
available, and inexpensive technique, transthoracic echocardi-
ography should be routinely used at each follow-up visit after

catheter ablation for serial evaluation of LA remodeling. How-
ever, our finding should be confirmed in large-scale studies
with more sensitive imaging techniques.
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